Evidence of Salmonella Enteritidis (SE) in internal organs of White Leghorns once they are inoculated via the oral (OR) or intracloacal (IC) route has not been consistently demonstrated.
DESCRIPTION OF PROBLEM
Salmonella enterica subsp. serovar Enteritidis is the world's leading cause of human salmonellosis [1] . A major route of Salmonella Enteritidis (SE) infection is the fecal-oral route. SE can invade beyond the intestinal tract of chickens to colonize internal organs such as liver with gall bladder (L/GB) and spleen within a few h of inoculation [2] , and this can eventually lead to reproductive organ colonization [3] . Colonization of reproductive 1 Correspondence author: wkkim@uga.edu organs could be a result of the systemic spread of Salmonella from the intestine. However, Salmonella colonization in the ovary and oviduct does not always correlate with egg contamination [4] . The frequency of internal organ colonization declines steeply after the first few wk following oral inoculation of mature chickens and testing at longer post-inoculation intervals is generally less informative [5] . Newly hatched chicks are the most susceptible to Salmonella colonization because they lack mature gut microflora or feed in the alimentary tract [6] . The low pH of the upper intestinal tract makes it necessary to use higher levels of Salmonella in order to colonize young chicks when challenged by the oral (OR) route [7] . Salmonella cells introduced via the intracloacal (IC) route are not subjected to the same level of acidity found in the proventriculus and the gizzard, and thus a lower dose may be able to colonize in the ceca of chicks [8] . The inoculation of adult hens with large oral doses can sometimes lead to fecal shedding that can last for several months [9] . Fecal shedding of Salmonella by infected hens can be a major contributor to overall environmental contamination levels. However, the magnitude of fecal shedding does not always correlate with detection of the pathogen by environment sampling [10] . Research is still lacking on the effectiveness of the 2 routes of SE challenge, OR and IC, in mature White Leghorn hens. Thus, the aim of this study was to evaluate the OR versus IC of a SE NAR in mature laying hens to consistently colonize the ceca and other internal organs.
MATERIALS AND METHODS
All experimental protocols were approved by the Institutional Animal Care and Use Committee of University of Georgia (IACUC number: A2014 07-016).
Bacterial Culture and Inoculum Preparation
Challenge pathogen: SE NAR was obtained as a frozen stock from the USDA National Poultry Research Center, Athens, GA. Frozen stock cultures of SE NAR were maintained at -80
• C in nutrient broth and 16% glycerol [11] until needed. The bacteria (SE NAR ) were revived from frozen cultures onto brilliant green agar plates with sulphapyridine (BGS) [12] containing 200 ppm of Nal [11] . The plates were incubated for 24 h at 37
• C to ensure log phase growth. Isolated SE NAR colonies were transferred to 9 mL of sterile 0.85% saline solution. The absorbance value was adjusted to an optical density of 0.20 ± 0.01 at 540 nm with a spectrophotometer [13] , which yields approximately 1.0 × 10 8 cfu/mL. Cultures were serially diluted in sterile saline for enumeration. Hens were OR gavaged with a 1 cc tuberculin syringe [14] and an animal feeding needle Experiments 4 and 5 Number of hens, animal handling, feeding, husbandry, and the allocation of hens in experiments 4 and 5 were similar to those in experiments 2 and 3. Hens were 55 and 72 wk old, respectively, at the beginning of experiments 4 and 5. The SE NAR counts in the ceca were estimated by the method of Blanchfield et al. [16] . Hens were inoculated with 1.0 mL of 2.6 × 10 8 and 3.1 × 10 8 cfu/mL SE NAR in experiments 4 and 5, respectively.
Sampling Protocol, Bacteriological Examination and SE NAR Recovery
Ceca, Spleen, L/GB, and Ovary Samples (Experiments 1, 2, 3, and 4). In experiment 1, all 32 hens were humanely euthanized at 14 dpi, and the ceca, ovaries, spleen, and L/GB were removed aseptically for bacteriological analyses. In experiment 2, 7 hens from the OR and IC groups and 4 hens from unchallenged groups were euthanized and sampled at 7 dpi. Similarly, at 14 dpi, the remaining 18 hens were sampled. The sampling procedure in experiments 3, 4, and 5 were similar to that of experiment 2. In addition to determining the presence or absence of SE NAR in the ceca, counts were performed in experiments 4 and 5 using the method of Blanchfield et al. [16] . All tissue samples were placed into labeled sterile plastic sampling bags [17] and transported on ice to the U.S. National Poultry Research Center, USDA, Athens, GA.
Presence and Absence of SE NAR (Spleen, L/GB, and Ovaries)
Samples were individually weighed and diluted in buffered peptone water (BPW) 3 times their weight. The sample bags were stomached [18] for 60 s and pre-enriched overnight at 37
• C. Pre-enriched samples were streaked for isolation onto BGS-NA plates and incubated overnight at 37
• C. The growth of SE NAR was observed and recorded.
Estimation of SE NAR in Ceca (Experiments 4 and 5)
The number of SE NAR per g of cecal material was estimated using the 3 swab plating method as described by Blanchfield et al. [16] . In brief, ceca were aseptically excised from the hen and placed in stomacher bags. The ceca were weighed and diluted in BPW 3 times their weight. After stomaching for 60 s, a cotton-tipped swab was dipped and rotated in the cecal material for 5 seconds. A BGS-Nal plate was surface-swabbed (plate A). A second swab was placed into the stomacher bag, transferred, and broken off into a 9.9 mL BPW dilution tube. The dilution tube was vortexed for 10 seconds. A second BGS-Nal plate (plate B) was taken and inoculated by dipping a fresh swab into the dilution tube and spreading as above. All plates together with the cecal samples were incubated at 37
• C overnight. Negative samples were swab-plated from the overnight pre-enrichments onto a BGS-Nal plate (plate C) and incubated at 37
• C overnight. The swab dipped and rotated took up approximately 0.15 g of cecal material and deposited approximately 0.055 g onto plate A. The cecal materials contained on the fresh swab created an approximate 100 fold dilution when vortexed in 9.9 mL of BPW. A fresh swab dipped into the BPW suspension picked up approximately 0.36 g and deposited approximately 0.0005 g of cecal material onto plate B. The total factor for the estimation count was 54 (18 × 3) on plate A, and plate B was diluted 100 times so the multiplier was 5,400 for plate B. A log count of 1.5 was assigned to the Salmonella detected from the pre-enriched samples.
Fecal Samples (Experiments 2 and 3). In experiments 2 and 3, fecal shedding was measured by collecting feces from all hens at 3, 6, and 13 dpi. Aluminum foil sheets were placed under each cage, and sterile cotton swabs were used to collect feces into 50 mL centrifuge tubes. BPW was added, approximately 3 times the weight, and vortexed. A 10 μl portion of each sample was streaked for isolation onto BGS-Nal plates. Plates and sample tubes were incubated for 24 h at 37
• C. Plates that were negative by direct plating were again streaked into BGS-Nal plates from the overnight pre-enriched samples. The plates were read as negative or positive.
Statistical Analyses
The enrichment data were expressed as positive/total chickens (%), and the percent recovery of SE NAR was compared using Fisher's exact test. The significance was accepted at P ≤ 0.05. Log 10 cfu values of SE NAR per g of ceca were expressed as means ± SEM and deemed significant if P ≤ 0.05. Data were analyzed using GraphPad Prism 6 software [19] .
RESULTS AND DISCUSSION

SE NAR in Ceca and Internal Organs
Salmonella can colonize birds through fecaloral transmission. Any body opening including oral, nasal, ocular, or IC routes of infection may be prominent in the colonization of younger chicks [8] . Cox et al. [20] reported that 100 fold fewer cells when administered through the IC route are able to colonize the young broiler chicks compared to the number required to colonize via the OR route. The low pH of the crop and upper gastrointestinal tract requires a higher number of cells to colonize by OR vs. IC [20] . were needed to colonize hens over 29 wk of age [21] . However, the actual amount / volume of the specific dose (e.g. 10 7 ) was not clear. Larger doses have been associated with a higher frequency and greater persistence of both intestinal and internal organ colonization [22] .
The frequencies of SE NAR recovery in ceca and internal organs for experiments 2 and 3 are shown in Table 2 . In experiment 2, SE NAR was recovered 100% from all ceca when challenged by OR and IC routes at 7 dpi. There was no difference between OR and IC routes at 7 dpi. At 14 dpi, the recovery in ceca was reduced to 14.3 vs. 28.6% by OR and IC challenge. The frequencies of recovery were significantly greater in hens challenged by OR in spleen samples vs. IC (85.7 vs. 57.1%; P < 0.0001), and greater in hens challenged by IC for L/GB vs. OR (42.8 vs. 85.7%; P = 0.0003). The frequency of SE NAR did not differ significantly (P = 1.000) between the 2 routes for ovaries (28.6 vs. 28.6%). In experiment 3, SE NAR was recovered from the ceca at 85.7% for OR and 100% for IC (P < 0.0001) at 7 dpi (Table 3) . Frequency of SE NAR recovery in the ovaries was greater in IC hens compared to OR (42.8 vs. 14.3%; P < 0.0001). However, recoveries in the spleen (42.8 vs. 57.1% in OR and IC; P = 0.0657) and L/GB (57.1 vs. 71.4% in OR and IC, P = 0.0551) were not significantly different between the 2 routes. At 14 dpi, recovery of SE from the ceca was reduced to 14.3 and 42.8% in OR and IC, respectively (P < 0.0001). The frequencies of SE NAR were reduced to 0% in the ovaries and spleen in both OR and IC challenged birds. By 14 dpi, SE recovery in the L/GB was 14.3% in both routes.
The frequencies of SE NAR recovered in the ceca and internal organs for experiments 4 and 5 are shown in Table 3 . In experiment 4, the recovery of SE NAR from the ovaries was lower than the spleen or L/GB at 7 dpi, regardless of challenge routes. In experiment 4, the frequency of SE NAR recovery in the ovaries was similar for OR and IC at 7 dpi (14.3 vs. 14.3%; P = 1.000). In experiment 5, there were more positive ovaries in IC hens compared to OR (14.3 vs. 28.6%; P = 0.0153). Recovery of SE NAR from the spleen at 7 dpi was 71.4 vs. 86%; OR vs. IC (P = 0.0153) in experiment 4, and 57 vs. 71.4%; OR vs. IC (P = 0.055) in experiment 5, respectively. The recovery from the L/GB was inconsistent with routes of challenge at 7 dpi. Recovery of SE NAR from the L/GB at 7 dpi was 86 vs. 71.4%; OR vs. IC (P = 0.065) in experiment 4, and 43 vs. 57%; OR vs. IC (P = 0.065) in experiment 5, respectively. By 14 dpi, the frequency of L/GB was reduced to 14.3% in OR challenged hens in experiment 4, whereas there was 0% recovery in experiment 5. All internal organs were negative by 14 dpi in experiments 4 and 5.
Cecal SE cfu/g was estimated in experiments 4 and 5, and the results are shown in Table 4 . At 7 dpi in experiment 4, a greater SE NAR count was observed in the ceca for the IC route compared to the OR route of challenge. There was a 1.4 log 10 reduction from 1.8 at 7 dpi to 0.43 at 14 dpi in the OR challenged hens and a 2.1 log 10 reduction from 2.5 at 7 dpi to 0.43 at 14 dpi in the IC challenged hens (experiment 4). There was a 3.0 log 10 reduction from 3.2 at 7 dpi to 0.21 at 14 dpi in the OR challenged hens and a 2.8 log 10 reduction from 3.02 to 0.21 in the IC challenged birds. Both OR and IC challenge in the present study led to 100% colonization of ceca (1.8 to 3.2 in OR and 2.5 to 3.1 cfu/g of cecal material at 7 dpi). This level of cecal colonization was similar to previous studies in which cecal SE recovery was more than 90% at 1 The data for cecal count is the mean ± SEM. The count is as Log 10 cfu/g. a,b Different letters in the same column denote means are significantly different (P < 0.05). N = 10 hens.
7 dpi with SE compared to the rest [23, 24] . Our results showing a higher frequency of positive ceca when compared to the rest of the organs are consistent with the previous studies [21, 25] . The recovery rates in the ceca, spleen, and L/GB of our hens were similar to the recovery rates observed in a previous study in which 50 to 100% recovery was reported from various internal organs at 7 dpi, regardless of route [20] . The frequency and incidence of SE positives in the spleen in the present study were similar to another study by Gast et al. [21] , which used a conventional housing system. The lower colonization rates in organs like the spleen, L/GB, and ovaries were similar to a study in which recovery in the spleen and liver was lower than in the ceca [26] . After 5 dpi, the isolation of SE from the liver was higher when hens were given 10 8 rather than 10 4 or 10 6 cfu [27] . We did not sample before 7 dpi; therefore, we have no information about the rate in various tissues prior to 7 dpi. In our experiments, more positive results were obtained from the spleen and L/GB than for the ovaries. The deposition of Salmonella inside developing eggs results from the SE colonization and invasion of the reproductive tissues (ovaries or oviducts) but a high occurrence of bacteria in the reproductive tract does not always correlate to a high rate of eggs being infected [28] . This also can be related to fecal bacteria penetrating the shell and getting into eggshell membrane. During the first wk post challenge, a high percentage of hens was colonized in the intestinal tract and visceral organs [21] . Our studies have shown that the translocation of SE NAR can occur with either route of inoculation (IC or OR).
A previous study with SE in broilers showed an inverse relation between the colonization frequency in ceca and other internal organs like the liver and spleen [29] . The translocation pattern of SE NAR to internal organs in our study was similar to a previous study by Bailey et al. [7] in which SE was found in the lymphoid organs using either OR or IC challenge. After an oral exposure to SE, the spleens were colonized in laying hens without causing any clinical infections in them [30] . The colonization frequencies decreased as the d after SE challenge increased. Oral inoculation of mature hens with 10 6 cfu of Salmonella was not associated with the recovery of the bacteria from viscera after 10 dpi [31] . The reason behind the decreased SE at 14 dpi could possibly be due to an increased immunity in the hens towards Salmonella. However, we did not find any study that showed the relationship between the dpi and the immunity in hens of a similar age group.
SE NAR in Feces
Presence of SE NAR in feces was measured in experiments 2 and 3 ( Table 5) . At 3 dpi, the recovery of SE NAR in feces was 100% when birds were challenged by either the OR or IC route, whereas by 13 dpi, all fecal samples were negative in experiments 2 and 3. At 6 dpi, detection of SE NAR in feces was greater when birds were challenged by the OR route than the IC route. In experiment 2, fecal shedding at 6 dpi was 92.8 and 85.7% (P = 0.1652) and in experiment 3, it Fecal shedding may be used as an indication of intestinal colonization in mature laying hens [32] . It has been reported that the bacteria shed in feces is a direct consequence of intestinal colonization [9] . However, persistent fecal shedding has proven to be an inconsistent predictor of the likelihood of systemic infection and/or egg contamination by SE [33] . Hens challenged with 10 8 cfu/mL of SE had 87.5% positive feces after 7 dpi [9] , and this is similar to our study in which we had almost 100% positive SE NAR in feces and ceca at 7 dpi. The decrease in fecal shedding of SE NAR can be correlated with the prevalence pattern of the bacteria in the intestinal tract, especially the ceca [34] . A study by van Immerson et al. reported that decreased cecal colonization correlates to decreased fecal shedding [35] . The decline in the rate of fecal shedding is an indication that birds are capable of reducing the level of colonization [36] . Gast et al. showed that fecal shedding declined by 14 dpi, while no SE was recovered in the feces/fecal droppings 3 wk after inoculation [9] .
The age of the chicken plays an important role in SE colonizing the chicken. Hens used in our study were mature egg layers more than 40 wk old, which have been more difficult to colonize with lower doses of SE. Older birds are more difficult to colonize than young chicks due to their diversified microflora of the gut [37] and mature immune system providing resistance to SE colonization [38] . It also has been shown that 20-to 40-week-old laying hens are naturally more resistant to SE colonization [39] . The persistence of SE NAR in hens used in experiments 4 and 5 was lower at 14 dpi compared to experiments 2 and 3, perhaps due to the younger age of the hens used in experiments 2 and 3. We made inferences with regard to 14 dpi being the maximum limit for reliable colonization because the frequency of recovery from internal organs declines sharply in the first few wk after oral inoculation [40] .
CONCLUSIONS AND APPLICATIONS
1. Salmonella Enteritidis can colonize the intestinal tract of mature hens via either the OR or IC route. Once internalized, the SE NAR shows the ability to translocate (although somewhat limited) into other organs including the ovary, spleen, and L/GB. However, the colonization does not consistently persist either in the ceca or other internal organs at 14 dpi in mature laying hens. 2. There was no Salmonella shedding observed in feces after 2 wk of infection. 3. The short-term persistence of colonization and translocation limits the ability to do research with mature hens over 2 wk in duration. This limits any feeding trials for only 2 wk or less to test the efficacy of treatments that use mature laying hens challenged with Salmonella.
